A simple optical method using hollow-core photonic crystal fiber for protein detection has been described. In this study, estrogen receptor ͑ER͒ from a MCF-7 breast carcinoma cell lysates immobilized inside a hollow-core photonic crystal fiber was detected using anti-ER primary antibody with either Alexa ™ Fluor 488 ͑green fluorescent dye͒ or 555 ͑red Fluorescent dye͒ labeled Goat anti-rabbit IgG as the secondary antibody. The fluorescence fingerprints of the ER␣ protein were observed under fluorescence microscope, and its optical characteristics were analyzed. The ER␣ protein detection by this proposed method is based on immuno binding from sample volume as low as 50 nL. This method is expected to offer great potential as a biosensor for medical diagnostics and therapeutics applications.
Introduction
Biomedical research is mainly focused on detection, diagnosis, treatment, and prevention of diseases that ultimately leads to better health. Ultrasensitive detection and imaging methods are enabling technologies for the improvement of the same to take the arena of diagnostics methodologies to the next level. The steady advancement of biology and medicine toward diagnostics based on molecular markers leads to the exploration of high-throughput methods for the detection of biomolecules and their interactions in a biological system. Protein microarrays are an imperative tool for proteomics research and are also used in biomedical applications to determine the presence and/or amount of proteins in a biological sample. 1 In recent years, fluorescence assay technologies have played a pivotal role in the high-throughput analysis of proteins and protein interactions. The precise measurement of a fluorescence signal is a critical parameter in analyzing the functional response of the biological sample. 2 Fluorescence-based bioassays are novel diagnostic tools to the clinicians for deciding on further treatment and to the researchers for monitoring biological functions that lead to novel investigations. Detection at the molecular level, such as reporter assays and gene expression studies, are achieved by improved techniques using fluorescent proteins as biomarkers. 3 A nanotechnology-based platform offers promise for multiplexed detection of proteins and nucleic acids to bring substantial advances in molecular medicine. A broad spectrum of highly innovative approaches of nanodevices was critically reviewed. 4 These include surface nanotexturing for mass spectrophotometry and reverse phase protein microarrays, the biobar code assay, biologically gated nanowire sensors, and silicon-based nanostructures for the transduction of molecular binding in to an electrical and a mechanical signal, respectively. Recent progress of optical fiber-based biosensors and their sensing performances have found good potential and were elaborately reviewed in the literature. 5 Photonic crystal fibers ͑PCFs͒ are a special class of silicabased microstructured optical fibers ͑MOFs͒ with tiny air holes running along the length of a silica fiber. 6 Among them, hollow-core PCF ͑HC-PCF͒ can achieve air guiding and can be used for efficient biosensing application due to the increased light-matter interaction in the HC. 7 These fibers has been used for evanescent wave sensing or highly efficient sensing of biomolecules, such as DNA, enzymes, antigen, antibodies, and proteins. [8] [9] [10] [11] [12] Hence, these HC-PCFs can be used as "immobilization nanoholes" and it has been proven that photonic bandgap can be preserved by filling the center core with the solution and, thereby, making it an ideal probe for sensing applications. 13 Breast cancer is the fifth most common cancer, which leads to 502,000 deaths worldwide per year, and it has already been linked with the steroid hormone estrogen. 14 It has long been known that many human breast cancers are initially hormone dependent, which has led to the utilization of antiestrogens in the treatment of breast cancer. 15, 16 Discovery of the estrogen receptor ͑ER͒ has given insight, not only as a powerful diagnostic and predictive marker, but also as a proficient target for the treatment of hormone-dependent breast cancer. 17, 18 Several techniques are available for the specific detection of the said protein. The immunosensing technique is a powerful and flexible tool, used to identify targeted an antigen with desired specific antibodies. [19] [20] [21] Even though enzyme-linked immunosorbent assay ͑ELISA͒ is an old method, it still in use to detect proteins, 22, 23 but it has the disadvantage of showing nonspecific interaction leading to false positives. The gel shift assay is another approach for detecting the ER protein; its intracellular localization and expression levels are reported elsewhere. 24 This assay needs a precise radioactive tracer and a specific protected area with federal certification approval and supervision. Immunohistochemistry ͑IHC͒ is another technique for assessing the ER status of breast cancers. 25, 26 It has a repeated disadvantage in deciding the level of expression, the Allred's IHC score between 2 and 3. In this context, we have made an approach to develop a technique to detect the ER␣ protein. This method is mainly proposed and illustrated using a HC photonic crystal fiber based on immunobinding, which can be an efficient biosensor in clinical diagnosis.
Materials and Methods
The ER-positive MCF-7 Breast carcinoma cells and ERnegative MDA-MB 231 cells were chosen for the study.
Cell Culture and Sample Preparation
Both MCF-7 and MDA-MB 231 cells were grown to confluence in Dulbecco's modified-eagle-medium-high glucose supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. The media were removed from the 12 well culture plates in which the cells were grown, and the cells were washed twice with phosphate buffered saline ͑PBS͒.
These cells were lysed ͑200 L͒ in lysis buffer ͑1X͒, kept at 4°C rotator for 1 h. After incubation, 5 L of 200 mM phenylmethylsulfonyl fluoride was added and centrifuged at 10,000 rpm for 15 min. The supernatant-containing protein was extracted and stored at −70°C until use.
Western Blot Analysis Using Anti-ER Antibody
The concentration of proteins in the cell lysates were quantified using the Bradford method. 27 The endogenous estrogen receptor levels in the positive cells were detected using the antibody raised against ER␣. For this purpose, 10 g protein was resolved by 4-12% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis and was transferred to nitrocellulose membrane. The membrane was blocked in 1X Tris buffered saline with tween-20 ͑TBST͒ containing 5% milk powder for 3 h. The membrane was further incubated overnight in the same buffer containing anti-ER␣ antibody ͑Acris Antibodies, GmbH, Ger-many͒ at 4°C. The membrane was washed and incubated with the secondary anti-Rabbit antibody conjugated with horseradish peroxidase ͑HRP͒ enzyme for 2 h. The washed membrane was incubated with chemiluminescent substrate for HRP and exposed to X-ray film and developed. The stripped membrane was detected for protein ␤-actin and used as internal loading control.
ELISA
The same crude extracts protein and antibody ͑Acris Antibodies GmbH, Germany͒ were used to perform ELISA. The protein was diluted to 0.001 g / 25 L ͑1 ng͒, 0.005 g / 25 L ͑5 ng͒, 0.02 g / 25 L ͑20 ng͒, 0.04 g / 25 L ͑40 ng͒, and 0.05 g / 25 L ͑50 ng͒ in coating buffer ͑0.1 M NaHCO 3 , pH 8.6͒. Twenty-five microliters of each diluted protein was added to each well of a pretreated ELISA plate, and it was then covered with plastic film and incubated at 4°C overnight. The wells were blocked by adding 50 L of 3% bovine serum albumin ͑BSA͒/PBS and incubated for 1 h at 37°C in a moist, sealed container. Then 25 L of 1% BSA/PBS mixed with primary antibody was added to each well. The plates were shacked well with the antibody solution and washed with 1X PBS/Tween 20 ͑0.05%͒. Antibody enzyme conjugates ͑antimouse alkaline phosphatase at 1:1000 in 1% BSA/PBS͒ was added ͑25 L͒ to each well and again incubated at 37°C for 1 h. Again, each well was washed with 1X PBS/Tween 20 ͑0.05%͒. Finally, 50 L of substrate solution ͑one tablet of Sigma 104 ® phosphatase in 5 mL alkaline phosphatase developing buffer͒ was added to each well. The developed color was read at 15, 30, and 60 min, respectively.
Implementation and Experimental Analysis

Photonic Crystal Fiber
HC photonic crystal fiber was chosen for this sensor development ͑Crystal Fiber A/S-AIR-6-800͒. The fiber was cut into segments of Ϸ10 cm length, and one end of the fiber was cleaved approximately into 1.5-2.0 cm length ͓Fig. 1͑a͔͒. This fiber has a center core size of diameter 6 Ϯ 1 m and cladding diameter of 122Ϯ 5 m ͓Fig. 1͑b͔͒.
Protein Immobilization
The different steps involved in the process were schematically represented in Fig. 2 . The tip of the fiber was dipped in the 0.01% Poly L-lysine ͑Sigma Aldrich, USA͒ solution for 3 min, and the solution is allowed to get into the fiber by simple capillary forces. The fiber was permitted to dry out at room temperature for ϳ1 h. After drying, it was washed twice with PBS for 5 min; thus, the inner core was activated for further process. Then, the cell lysate solutions from MCF-7 and MDA-MB-231 were immobilized separately into different fibers for protein binding ͑3 min͒. After that, the fibers were incubated at 4°C for 2 h then washed thrice briefly in TBST buffer. In the next step, the primary antibody binding was done using antiestrogen ␣ ͓primary antibody ͑Acris antibodies, GmbH, Germany͔͒ solution diluted to a final concentration of 1:1000 ͑1-4 mg/ mL͒ in TBS for 5-10 min and incubated for 3 h at 4°C. Concurrently, sodium iodide symporter antibody ͑primary antibody; Whatman ® ͒ was also used to check the nonspecific binding of the ER␣ protein. Then the fibers were washed with TBST buffer ͑thrice͒ for 10 min and dried at 4°C for 1 h. The experiment was completed by adding a secondary antibody solution made in TBS containing Alexa ™ Fluor 488 ͑green fluorescent dye͒ or 555 ͑red fluorescent dye͒ labeled Goat anti-rabbit IgG Invitrogen ™ diluted to 1:100, the same way as that of the earlier step. Appropriate controls were performed simultaneously for both green/red dye detection. Now the immuno binding of the protein was completed and the fibers were ready for imaging sensing. The fibers were stored in dark ambience at 4°C.
Imaging and Sensing Analysis
The cleaved end of the fiber carrying immobilized protein was focused under the microscope ͑Olympus fluorescence microscope CKX41͒ and checked for the fluorescence signal. The schematic setup used for the spectral analysis of fluorescent proteins was shown in Fig. 3 . For fluorescence analysis, diode pumped solid state ͑DPSS͒ laser ͑output power 10 mW͒ was coupled to the proximal end of the HC photonic crystal fiber. The beam emerging from the distal end of the fiber was focused to a high-quantum-efficiency spectrophotometer ͑Ocean Optics, QE65000͒ using a microscope objective ͑20ϫ, 0.65 NA͒. In this study, lasers with wavelength of 473 and 532 nm were used for the analysis of green fluorescent dye and red fluorescent dye, respectively.
Results
Protein Concentration and Western Blot Analysis
The estimated amount of protein in MCF-7 and MDA-MB-231 cell lysates by Bradford's method is found to be 1 g / L. The amounts of ER␣ protein immobilized in the fibers were calculated according to the protein quantity in the cell lysate. To confirm the ER protein signal, the cells are analyzed for Western blot using anti-ER␣ antibody for cellular ER, and anti-␤-actin antibody for ␤-actin. The result obtained is positive in the MCF-7 cells and negative in the MDA-MB-231 cells. This is the qualitative confirmation for the presence of ER protein in two different cells ͑Fig. 4͒.
Because the ␤-actin is the housekeeping gene, it gives a signal in both cell lines, whereas the negative cell line MDA-MB-231 has failed to produce a signal due to lack of a receptor.
ELISA Assay
Among the different concentrations of samples used, a positive signal is observed in 50 ng of protein by the ELISA technique, whereas the detection failed in 1, 5, 20, and 40 ng of protein. This shows the significance of the results obtained with PCF, where only ϳ20 pg protein is needed for obtaining the positive signal, whereas several fold more protein is needed for the detection through ELISA.
Fluorescence Analysis
The green and the red signals from the fiber imaged under the microscope are shown in Figs. 5͑a͒-5͑d͒ and 6͑a͒-6͑d͒, respectively. The fluorescent signal is found to increase linearly with the concentration of cell lysate as a result of a greater number of binding surfaces inside. The protein binding inside the fiber is further confirmed by spectroscopic analysis. Both the control fibers MDA MB 231 and the sample fiber MCF-7 are analyzed for the emission signal. The control fibers ͑MDA-MB-231͒ showed no emission peak, whereas a greendye emission is observed in MCF-7 fibers at 515 nm, as given in Figs. 7͑a͒ and 7͑b͒ and a red dye emission around 585 nm as given in Figs. 8͑a͒ and 8͑b͒ . These spectral signatures authenticate the strong binding of ER␣ protein inside the photonic crystal fiber. 
Discussion
The most important aspect of this work is to design a sensor with competent immobilization performance to achieve the highest sensitivity of protein detection. The proposed methodology is focused on an array format immuno recognition of ER␣ protein using a HC photonic crystal fiber. The primary step of the experiment is to activate the silica inner core of the fiber to facilitate the detection of ER protein. To attach proteins on a solid surface, the surface of the substrate has to be modified to achieve a maximum binding capacity. 28, 29 Poly ͑ethylene glycol͒ derived materials are generally considered to be effective candidates for fabrication of protein-resistant materials. In particular, polycations are found to form stable adsorbed layers on negatively charged oxides, such as silicon dioxide and titanium dioxide. 30 Kenausis et al. described the surface functionalization method and its importance in the protein resistance. 31 In their immobilization study, they observed that poly ͑L-lysine͒-g-poly ͑ethylene glycol͒ ͑PLL-g-PEG͒ complex makes polymer combs backbone with the negatively charged metal surface, producing a proteinresistant surface. PLL-g-PEG surface is considered to be a promising sensor platform for binding 6ϫ His-tagged proteins and high specificity and quantitative reversibility of the protein was observed. 32 A biotin-labeled DNA and streptavidin is captured efficiently in PLL and gluteraldehyde coated HC fibers. 12 PLL showed no interference with the target protein signal because it does not contain intrinsically fluorescent amino acids. 33 The binding of protein mainly depends on the efficient surface attachment procedures, which is essential for biosensor application. In the work reported in this paper, PLL is used to precoat the inner wall of the fiber to create an activated surface that can bind the targeted protein effectively.
The second step of the sensor construction is very crucial which involves the protein antigen on silica glass fiber in a way that it conserves its characteristics and confirmations. Initially, the ER␣ positive ͑MCF-7͒ and negative cell ͑MDA-MB-231͒ lysates are allowed to immobilize inside the core. Second, the primary antibody raised against the ER␣ protein ͑antirabbit͒ is subsequently used to recognize the protein even in fragments, which is available on the inner core surface. Finally, we used the Alexa Fluor 488 goat antirabbit IgG ͑green fluorescent dye͒ as a secondary antibody compatible to the anti-ER␣ protein. We observed under a microscope that the Alexa-488 IgG quenches fluorescence of the fiber core, which confirms the presence of the specific protein, ER␣. Concurrently, we have used another secondary antibody Alexa Fluor 555 goat antirabbit IgG tagged with red fluorescent dye to validate the ER␣ protein, and a similar profile was noted, evidencing the specific protein binding.
Recently, few studies have been reported regarding the immobilization and detection of a biomolecule using microstructured optical fibers. Hoiby et al. performed DNA hybridization and specific recognition of antistrepdavidin with streptavidin was observed. 34 Similarly, fluorescently labeled ␣ streptavidin cy3 and ␣ CRP-cy3 were achieved by immobilizing inside the polymer optical fibers by using sample of 27 L. 35 Ruan et al. achieved a good immobilization and binding of Q dot 800 goat F ͑ab'͒2 antimouse IgG conjugate using a 30-L sample in soft glass optical fiber. 11 Multiple toxic agents, such as ricin ͑25 ng/ mL͒, F1 antigen from Yersinia pestis ͑15 ng/ mL͒, and staphylococcal enterotoxin B ͑5 ng/ mL͒ were detected in a single 150 L sample using planar array immunosensor. 36 Fiber optic evanescent wave immunosensors have been developed for the detection of toxins, hazardous materials, explosives, and clinical analytes using monoclonal and poly clonal antibodies. [37] [38] [39] [40] Human chorionic gonadotropin was detected through planar waveguide fluorescent immunosensors by sandwich assay using monoclonal antibody. 41, 42 Comparatively, the newly developed assay significantly detect the ER␣ protein by direct immuno binding.
In addition, the architecture of this sensor design was strengthened by implementation of strong light sources, precise lenses, and a spectrophotometer to analyze the spectral signatures of the fluorescence images. The emission peaks of green and red dyes were measured at 515 and 585 nm, respectively. This spatial information strongly confirms the specific binding of ER␣ protein. It is well understood that the great advantage of the sensor is the capability of analyzing both biological and physical properties of targeted molecules. Though conventional optical fibers are used for immunoas- says, photonic crystal fibers are more biocompatible and chemically inert because it is made up of pure silica ͑SiO 2 ͒ without any doping. Here, we describe the potentiality of silicon made, evanescent-based HC photonic crystal fiber as a biosensor for the detection of ER␣ protein using specific fluorescent-labeled antibody. The proposed HC-PCF-based biosensors is advantageous over waveguide-based array sensors as a result of the easy light coupling to the sample region. Also, it is possible to change the excitation laser light source more easily by making use of an optical connector. Although we have used an antigen antibody reaction to recognize the ER␣ protein, in general, this sensor can be applied to other proteins of interest.
Our experimental data of ELISA method shows that it needs more quantity of samples for the detection, whereas our microstructured fiber optical detection needs very low sample quantity. In comparison to the available techniques, our new method is simple, safer, less expensive, sensitive, and highly specific in assessing the ER status in breast cancer research. This method can be applied for high-throughput biosensor application in biological research and also be used as a diagnostic tool in future translational medicine.
Conclusions
A biosensing system using a HC photonic crystal fiber in a total internal reflection configuration for monitoring the fluorescence response of the specific protein is established. We demonstrate an antigen-antibody binding method to detect ER␣ protein in an ultrasmall quantity of sample. The recognition of the protein by secondary antibody is visualized by the fluorescent signal ͑green and red͒ and measured emission spectrum confirms the presence of ER␣ protein. This method involves highly sensitive and simple procedures that can detect Ϸ20 pg of ER␣ protein in 50 nL sample volume. Consequently, the photonic crystal fibers are emerging as potential platforms for biosensing applications in biology and medicine. suraman Padmanabhan acknowledges Sir George Radda, A*STAR-BMRC for extending his support toward this collaborative project.
